Electron Microscopy of Peripheral Nerves and Neuromuscular Junctions in the Wasp Leg by Edwards, George A. et al.
Electron Microscopy of Peripheral Nerves and Neuromuscular 
Junctions in the Wasp Leg 
BY GEORGE A. EDWARDS, PH.D., HELMUT RUSKA, M.D., AI~D  I~TIENNE DE HARVEN, M.D.* 
(From the Division of Laboratories and Research, New York State Department of Health, Albany, 
and Sloan-Kettering Institute for Cancer Research, New York) 
Pt~s  47  TO 55 
(Received for publication, July 17, 1957) 
ABSTRACT 
The peripheral  nerve branch innervating the femoral muscles of the common 
yellow jacket  (Vespula carolina) has  been found  to possess a  thick  lenmoblast 
basement membrane and a complex mesaxon. The term "tunicated nerve" is pro- 
posed to designate the type of peripheral nerve in which one or several axons are 
loosely mantled  by meandering, cytoplasm-enclosing membranes  of  the  lemno- 
blast. 
The peripheral  axon  courses longitudinally  in a  groove in the  muscle fiber 
between the plasma membrane of the muscle fiber and a cap formed by lemno- 
blast  and  tracheoblast.  The junction is  characterized  by apposition  of plasma 
membranes of axon and muscle fiber, abundant mitochondria, and synaptic vesi- 
cles in the  axon, and aggregates of  "aposynaptic  granules"  plus  mitochondria 
and endoplasmic reticulum on the muscle side of the synapse. Unlike the verte- 
brate  striated  muscle  fiber, no  complex infolding  of  the  synapsing  plasma 
membrane of the muscle fiber occurs. 
The "connecting tissue"  of the insect is formed by tracheoblasts,  their base- 
ment membranes, and the basement membranes of other cells. Further mechanical 
support is given by the ramifying tracheoles. 
The physiologic roles of the specialized structures are considered. 
INTRODUCTION 
Insect muscles have been studied with the elec- 
tron microscope and shown to vary in ultrastruc- 
ture  in accordance  with  their  function and  me- 
tabolism (see Edwards and Ruska, 1955; Edwards, 
Ruska, de Souza Santos, and Vallejo-Freire, 1956, 
for references). The present paper is the first in a 
comparative  electron  microscopic  survey  of  in- 
vertebrate  peripheral  nerves  and  neuromuscular 
junctions,  which  also  differ  considerably  with 
muscle types involved. 
The  general  picture  of  an  insect  peripheral 
nerve,  as  derived  from  light  microscopy,  is  as 
follows.  The nerve is thought to be covered by a 
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homogeneous sheet of connective tissue, the "neu- 
ral lamella" (Scharrer, 1939; Hoyle, 1952; Twarog 
and Roeder,  1956),  secreted  by underlying, non- 
nervous cells, the "perineurium" (Scharrer, 1939), 
or "perilemma" (Hoyle, 1952).  Peripheral nerves 
generally have been considered as freely coursing 
axons, each fiber of which is covered by a nucleated 
sheath,  the  "neurilemma"  (Wigglesworth,  1953; 
Weber, 1954).  It has been further suggested  that 
a  number of  sensory fibers  may fuse  to  form  a 
compound  axon  (Pringle,  1939).  A  nerve  may 
contain both motor and sensory fibers, and a given 
motor nerve is believed to contain either  fast  or 
slow components or both. Large and small fibers, 
possibly  corresponding  with  the  fast  and  slow 
elements respectively, have been observed within 
a single nerve sheath in Cicadidae, and up to six 
fibers have been reported within a nerve in Jassi- 
dae (Tiegs, 1955). 
Two types of endings of motor nerves have been 
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described  in  insects.  The  terminal  branches  of 
nerves  without  an  "end  plate"  run  lengthwise 
upon, or wind around, the muscle fibers. They are 
believed to terminate on the muscle fiber surface, 
as in the cockroach (Marcu, 1929), or to penetrate 
the  sarcolemma and  terminate  among  the  myo- 
fibrils, as in the dragonfly larva (Rogosina, 1928) 
and  various Diptera (Tiegs,  1955),  or to be con- 
fined  to  that  zone  immediately  beneath  the 
sarcolemma of  the  muscle  fiber,  as  in  Cicadidae 
(Tiegs, 1955).  In the second type of ending, as in 
Coleoptera, Diptera, Hemiptera  and  Orthoptera, 
the neurilemma merges with the sarcolemma. The 
total  ending  becomes raised up  into  a  Doy~re's 
cone, morphologically considered  as a  motor end 
plate. Branches of the nerve "brushes" then course 
longitudinally  along  the  muscle  fiber,  and/or 
penetrate  the  sarcolemma and  terminate  among 
the  myofibrils  (Snodgrass,  1935;  Marcu,  1929; 
Tiegs,  1953;  1955).  Numerous  endings  from  a 
longitudinal nerve may occur along a single muscle 
fiber (Marcu,  1929;  Weiant,  1953;  Roeder,  1953; 
•  Tiegs, 1955; Hoyle, 1957),  generally at intervals of 
40 to 80 microns. 
In  the  present  study,  hundreds  of  dectron 
micrographs of peripheral nerves,  neuromuscular 
junctions, and musde fibers from femoral muscles 
of  the  common  yellow  jacket  wasp  have  been 
studied. The results give a  dear differentiation of 
peripheral  axon,  synapsing  axon,  nerve  sheath 
cell (lemnoblast), and  "connecting tissue" (trache- 
oblasts),  and  darify  their  morphologic relations 
with  the innervated muscle fiber. The now more 
complete  and  detailed  morphologic  background 
will serve as a  basis for the future interpretation 
of measured physiologic phenomena. 
Material, and Methods 
Femoral  muscles  of  the  common  yellow  jacket 
(Vespula carolina) were prefixed in situ for 15 minutes 
with 2 per cent osmium tetroxide buffered  to pH 7.4, 
then dissected  out, and their fixation  continued  for 1 
hour in the cold in 1 per cent buffered osmium tetroxide. 
All subsequent steps,  until the final embedding,  were 
carried out in the cold. The fixed muscles were washed 
with buffer  (Zetterqvist, 1956) at pH 7.4, and dehy- 
drated  in  graded  ethanols and  acetone.  Bundles  of 
several muscle  fibers  each,  with  attached  tracheoles 
and nerves, were embedded in a mixture of 80 per cent 
butyl-20 per cent methyl methacrylate with 3 per cent 
Luperco initiator, at 45°C. for 24 hours. Sections were 
cut  with  both  glass knives and  the  diamond  knife 
(FernAndez-Mor£n,  1956) in  the Porter-Blum micro- 
tome. Micrographs were taken in the Siemens Elmiskop 
I  and  the  RCA  EMU  3B  electron  microscopes  at 
original magnifications of 1,800 to 20,000 ×. 
RESULTS 
I.  Peripheral  Nerve.--The  peripheral  nerves 
were  followed  from  larger  branches  supplying 
several  muscle  fibers,  through  smaller  branches 
contacting the individual muscle cell, to the final 
synapses. The largest nerve (2.3 x 7.3 g) observed 
in cross-section contained five axons, of diameters 
from  0.6  to  1.4  #.  The  smaller nerve  branches, 
generally seen dose to or touching upon, the indi- 
vidual muscle fibers  (Fig.  1),  averaged 2.6  ~t di- 
ameter, and typically contained one large central 
axon  (1.3  #).  Naked  axons  do  not  occur.  All 
nerves  consist  of  ensheathing  lemnoblasts  and 
axons suspended within the mesaxons formed by 
complex  infoldings  of  the  lemnoblast  plasma 
membrane (Figs. 1 to 4). Even the smallest nerve 
branches  have  their  own  tracheal  supply  from 
accompanying tracheoblasts  (Figs. 2  and  3).  All 
small nerves show the same composition, being so 
similar, in fact, that those from different prepara- 
tions often appear as serial sections from the same 
preparation. 
The lemnoblast basement membrane  varies in 
thickness  from 35  to  220 mtt.  The  structure  of 
thick basement membranes appears similar to the 
cuticle as seen in electron micrographs, i.e. alter- 
nating  layers  of  materials  of  greater  and  lesser 
densities.  The  plasma  membrane  of  the  lemno- 
blast, averaging 10  m~ in thickness, is separated 
from  the  basement membrane  by  an  interspace. 
The plasma membrane  of the lemnoblast invagi- 
nates  to  form  the  mesaxons,  within  which  the 
axons are suspended. The mesaxon may be simple, 
or may be devious, making many turns through- 
out the lemnoblast cytoplasm and forming a loose 
mantle of membranes around the axon (Figs. 1 to 
4 and Text-fig. I). The space (probably continuous 
with the interspace of the cytolemma) between the 
membranes  of  the  mesaxon averages  10  rag.  At 
times the membranes separate widely to form large 
interspace lacunae. The lemnoblast cytoplasm con- 
rains mitochondria, an  abundance  of membrane- 
limited  profiles,  and  a  finely  granular  ground 
substance between several membrane layers. The 
nudeus  of  the  lemnoblast (Figs. 3,  5,  and  6)  is 
generally  situated  to  one  side  in  the  nerve,  is 
narrow and dongated, and has such characteristic 
nuclear features as a  double limiting membrane, 
peripheral aggregates of chromatin,  one  or more 
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T~r-FIG. 1.  Semisehematic drawing of a "tunicated" peripheral nerve from the wasp leg. The accompanying 
tracheolar (Tr) infima (TN) is enclosed within the plasma membrane (PMT), and basement membrane (BMT) 
of tracheoblast. The latter membrane merges with the thick basement membrane (BML) of the lemnoblast. The 
lemnoblast plasma membrane (PML), separated by an interspace (ISL)  from the basement membrane,  invagi- 
hates (INV) to form the mesaxon (MA). The mesaxon meanders through the cytoplasm, finally forming a loose 
mantle of membranes  around the axon.  The lemnoblast shows a  typical nucleus  (Nu), mitochondrla (Mi), and 
membrane-bound profi/es. The axon (Ax) typically contains mitochondria, neurofilaments  (NF), and a few ves- 
icles or membrane-bound profiles (V). (Drawing by Frank Reed). 
The  individual  axon  and  the  lemnoblast  are 
separated  from  each  other  by  their  respective 
plasma membranes  and  an  interspace,  averaging 
10  m~  in  width.  The  axonal  cytoplasm  of  the 
peripheral nerve contains numerous  mitochondria 
(270  x  170  m#),  neurofilaments averaging 20  m# 
in  diameter,  and  some  profiles  of  tubules.  The 
number  of  neurofilaments  decreases  and  that  of 
mitochondria  increases  as  the  nerve  approaches 
the  muscle  fiber.  The  membranes  of  the  above 
described loose mantle make several irregular turns 
around  the  axon  (Figs. 2  and  4),  giving the  ap- 
pearance  of  an  early  stage  of  myelination.  The 
double membrane  spacing is quite irregular, and 
no formation of closely packed lipoprotein layers 
occurs as in the vertebrate myelinated nerve. 
2.  Tracheoblasts.--In  the  majority  of  images, 
tracheoles can be seen to supply the lemnoblast at 
several points on its surface (Figs. 2, 3,  5, 6, and 
8).  The  basement membrane  of  the  tracheoblast 
and  that  of  lemnoblast  fuse  indistinguishably. 
Between the lumen of the tracheole and the cyto- 
plasm  of  the  lemnoblast,  there  are  interposed 
tracheolar intima, tracheoblast plasma membrane, 
fused  basement  membranes  of  tracheoblast  and 
lemnoblast,  and  the  plasma  membrane  of  the 
lemnoblast. At this point, it should  be remarked 
that all basement membranes, and  connecting or 
supporting  extracellular  materials  in  the  insect 
show a  similar cuticular structure. No fibroblasts 
or fibrils, as in  vertebrate and  non-arthropod  in- 
vertebrate connective tissue, have been identified 
in any insect tissue or organ in the electron micro- 
scope. 
The "connecting" tissue of the insect, as seen in 
all preparations to date, consists of tracheoblasts. 
They  intimately  accompany  all  tissues;  the  re- 
spective  basement  membranes  being  merged  at 
contact  points  (of. Figs.  2,  3,  5,  6,  8,  and  11). 
"Intracellular"  tracheoles  consist  of  intima  and 
extensions of the tracheoblast. They are separated 
from  the  tracheolated  cell at  its  surface  by  the 
cytolemma, and in the interior by the cell plasma 
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TEXT-~IG. 2.  Semischematie drawing of a cross-section of a neuromuscular  junction in the wasp leg. Traeheoles 
(Tr), with or without accompanying tracheoblast cytoplasm (T), are numerous in the contact region. The synaps- 
ing axon (Ax) in the muscle ceU groove is essentially two-thirds covered externally by the lermaoblast (L). The 
basement membranes  of tracheoblast, lemnoblast,  and muscle are merged. The final synapse involves apposition 
of the plasma membranes of axon and muscle fiber. The synaptic region is characterized by numerous mitochondria 
and synaptic vesicles (V)  in the axon and by aggregates of mitochondria (Mi), augmented endoplasmie reticulum 
(ER), and aposynaptic granules  (G) in the muscle. In non-synaptic regions the band-shaped myofibrils (F) and 
tubules of the reticulum  are more regularly arranged. (Drawing by Frank Reed). 
3.  Neuromuscular  Junctions.--At  the  region of 
nerve-musde contact, the basement membranes of 
lemnoblast, muscle sarcolemma, and  tracheoblast 
merge.  The  nerve  and  accompanying  tracheoles 
then course longitudinally in a  groove in the sur- 
face of the muscle fiber between the merged base- 
ment membranes and the plasma membrane of the 
muscle cell. At the synaptic areas (Figs. 5 to 9 and 
Text-fig. 2),  the plasma membranes  of axon  and 
muscle fiber are  closely apposed,  separated  only 
by an interspace of 12 m#. The axon at this point 
contains  numerous  synaptic  vesicles  of  25  m/z 
diameter and  many  mitochondria, but no  neuro- 
filaments (from Fig. 9 one can calculate an approxi- 
mate  4,000  synaptic vesicles per  /~3 of synapsing 
axon).  The  muscle  fiber  shows  abundant  mito- 
chondria  oriented  longitudinally  towards  the 
synaptic region, extreme ramification of  widened 
tubules of the endoplasmic reticulum, and accumu- 
lations  of  dense  "aposynapfic  granules."  The 
sarcoplasmic,  aposynaptic  granules  vary  in  size 
and  density.  They  are  generally heavily  osmio- 
philic. They vary from  5  to  15  m/z  in  diameter, 
averaging  10  m/z.  The  granules  are  most  closely 
packed at the synapse, but  are  also  scattered  in 
the  sarcoplasm  between  the  synapsing  plasma 
membrane  and  the  most  peripheral  myofibril. 
Axonal  vesicles  and  mitochondria  and  muscle 
mitochondria and reticulum may be.seen at vari- 
ous points along the nerve-musde contact, but the 
tremendous aggregates of axonal synaptic vesicles 
on  the one side of the  synapse and  sarcoplasmic 
aposynaptic granules  on  the  other  side  are  seen 
only at those regions where the respective plasma 
membranes  are  most  intimately  apposed.  The 
contrast  between  synaptic  and  non-synaptic 
regions of the muscle may be seen by comparing 
Figs. 5, 6, 8, and 9 with Figs. I, and 10 to 12. In the 
non-synaptic regions there are fewer mitochondria, 
generally  oriented  around  the  Z  lines  in  pairs 
(Fig.  12).  The  vesicles and  tubules of  the  endo- 
plasmic reticulum are more uniformly distributed 
around the myofibrils in these regions. 
4.  Muscle  Fiber.--The  femoral muscle fiber of 
the  wasp  is  a  fibrillar, low  frequency  fiber  with 
central  nuclei.  It  is  characterized  by  radially 
arranged,  band-shaped  myofibrils  of  uniform 
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sarcomere  length  (at  rest);  the  myofibrils  are 
separated by a well organized and abundant endo- 
plasmic reticulum that forms a  mantle of tubules 
and  vesicles  around  each  sarcomere.  The  mito- 
chondria  average  750  x  350  m#.  They occur  in 
pairs between the fibrils, and generally are situated 
on both sides of the Z planes. The nuclei are central 
and  surrounded  by  aggregates  of  mitochondria. 
The tracheoles frequently enter into contact with 
the muscle fiber at those regions of muscle infold- 
ing  where  the  endoplasmic  reticulum  is  in  close 
contact with the plasma membrane at the Z level, 
or in regions of nerve-muscle contact. "Intracellu- 
lar" tracheoles are sparse and distributed  close to 
the Z band level.  The tracheole is not truly intra- 
cellular,  but  is  separated  from  the  muscle  cell 
proper  by  the  respective  limiting  membranes  as 
described  above. With  the exception of its abun- 
dance of mitochondria, the femoral muscle fiber of 
the wasp is similar to that previously described for 
Dytiscus (Edwards and Ruska, 1955). 
DISCUSSION" 
The peripheral nerves and neuromuscular junc- 
tions of the wasp leg are in many respects similar 
to,  and  in many quite  different from, vertebrate 
nerves and  junctions.  In general composition the 
femoral nerve and its branches to the wasp muscle 
fibers  resemble  vertebrate  peripheral  nerves  (cf. 
Gasser,  1955;  1956; Hess, 1956; Caesar, Edwards, 
and Ruska, 1957) in that the nerve consists of ca- 
sheathing lemnoblast and one or more axons sus- 
pended  within  the  lemnoblast  by  the  mesaxons. 
The  striking  differences  are:  (1)  The  lemnoblast 
basement membrane of the femoral nerve may be 
extremely thick (up to 220 In#) and of a cuticular 
nature.  (2) In the vertebrate both myelinated and 
unmyelinated axons may be suspended within the 
same  sheath  cell  (Hess,  1956;  Caesar,  Edwards, 
and  Ruska,  1957).  The  wasp  leg  nerve  is  mor- 
phologically neither myelinated nor unmyelinated. 
We propose the term "tunicated nerve"  to desig- 
nate  this  type  of nerve  in  which one  or  several 
axons  are  loosely mantled  by meandering,  cyto- 
plasm-enclosing  membranes  of  the  lemnoblast 
(Text-fig.  1).  (3)  In  the  vertebrates  a  restricted 
contact  is  made  between  peripheral  nerve  and 
innervated  muscle  fiber.  In  the  insect,  the  pe- 
ripheral  nerve  branch  contacts  the  muscle  fiber 
over  a  considerable  distance,  coursing longitudi- 
nally  in  a  groove  of  the  muscle  fiber  between 
merged  basement membranes and  muscle plasma 
membrane (Text-fig. 2). 
The  neuromuscular  junctions  (Text-fig.  2) 
observed  in  the  wasp  leg  are  relatively  simple. 
They more closely resemble the junctions in verte- 
brate  smooth  muscle  (Caesar,  Edwards,  and 
Ruska,  1957)  than  those  of  striated  muscles  in 
reptiles  (Robertson,  1956)  and mammals (Moore, 
unpublished).  The  synapse,  as  in  vertebrates,  is 
characterized  by  abundance  of synaptic  resides 
and mitochondria on the axon side, and abundance 
of mitochondria and endoplasmic reticulum on the 
muscle side.  The synapse in  the wasp leg differs 
from that in vertebrate striated  muscle, however, 
in having no digital folding of the muscle plasma 
membrane, no interposition of basement membrane 
material  between  the plasma membranes,  and by 
the appearance  of "aposynaptic granules" at  the 
areas of closest contact. 
The basement membrane, and  the general con- 
cept  of  insect  "connecting  tissue"  has  been  a 
considerable problem. The cuticular nature of the 
membrane and of other supporting or connecting 
tissues  has  been  noted  before  (Richards,  1951; 
Weber,  1954; Tiegs, 1955).  Specifically relating to 
nerve,  a  lipoprotein  "sheath"  has  been  demon- 
strated  histochemically  and  optically  (Richards, 
1951). In the electron microscope, thin sections of 
basement  membrane  show  a  detailed  laminar 
structure  similar  to  that  of cuticle.  This  is  par- 
ticularly  true  of  the  thick  basement  membrane 
found  in  nerve,  tracheoblasts,  afibrillar  muscle 
fibers,  lining  of  the  gut,  and  hypodermis.  The 
similarity of all  basement membranes,  the varia- 
tion  in  thickness,  plus  the  relation  to  the  other 
components  of  the  cytolemma,  make  it  seem 
likely that all cells  have the ability to secrete an 
outer  membrane.  The  tracheoblasts  form  the 
insect  "connecting  tissues."  They  are  the  only 
interstitial  material seen in electron micrographs. 
They  intimately  accompany  all  tissues,  linking 
cells  of  similar  or  different  type  by  merging  of 
basement membranes.  They retain  their  identity 
at  all  times.  "Intracellular"  tracheoles  are  sepa- 
rated  from  the  tracheolated  cell  by  the  plasma 
membrane  of  the  cell  and  the  extension  of  the 
tracheoblast. 
By micro injection, Hoyle (1952; 1953) has shown 
that the "neural lamella"  in  the insect could act 
as  a  potassium  barrier.  Conclusive  experiments, 
involving desheathing of the ganglion, have shown 
that the sheath of the ventral nerve cord interferes 
with ion movement and  with  the action of phar- 
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1957). The electron microscope permits the identi- 
fication of the basement membrane as being  the 
most  likely  cytolemmal  component  involved.  A 
plasma  membrane is  common to  all  cells  and  is 
uniform  in  thickness.  A  basement  membrane, 
however,  may  be  absent  or  present,  and  when 
present may vary in thickness, chemical composi- 
tion, and structural detail. In a variety of tissues 
the basement membrane is present on those sides 
of the cells exposed to interstitial material (Caesar 
and Edwards, 1957),  suggesting that the essential 
function  of the basement  membrane  must be  to 
maintain a more constant ion concentration at the 
plasma membrane. This  is particularly necessary 
in  the insect in which all  tissues  are  exposed  to 
the  circulating  haemolymph  and  in  which  the 
extracellular  environment may undergo consider- 
able variation in ion concentration. Thus, not only 
the  nerve  cord  would  need  protected  synapses 
(Twarog and  Roeder,  1957),  but  all  cell  borders 
exposed to the hemolymph would need protection 
by  a  relatively  thick  membrane.  The  basement 
membrane, in sum, would serve as the restrictive 
ion  barrier,  and  the  plasma  membrane  as  the 
selective ion barrier (Ruska, Edwards, and Caesar, 
1958). 
The distribution of tracheoles and mitochondria 
supports  their  role in  the oxidative  energy proc- 
esses necessary for the reestablishment of contrac- 
tile mechanisms and potentials. Each nerve branch 
carries  its  own  tracheal  supply.  The  areas  of 
nerve-muscle  contact  are  rich  in  tracheoles  on 
both nerve and muscle sides and in both nerve and 
muscle,  aggregates  of  mitochondria  are  concen- 
trated  near  the  contact  areas.  Intracellular  tra- 
cheoles  are  more  closely  associated  with  mito- 
chondria than with contractile material. Thus, the 
structures  involved  in  impulse  transmission  and 
subsequent  cell  activity are amply supplied with 
oxygen and oxidative enzymes. 
It  is  believed  that  when  the  motor  impulse 
arrives  at  the  neuromuscular  junction,  it  causes 
the  release  of  acetylcholine  in  unit  quantities 
sufficient  to  set  off  the  muscle  action  potential, 
and that even at rest quanta of acetylcholine are 
being released in subliminal amounts (FAR,  1954; 
Katz, 1956). The presence of synaptic vesicles  has 
suggested that these might be involved in either 
the formation of the  chemical mediator or in  its 
transmission  across the synapse (de Robertis and 
Bennett,  1954;  Robertson,  1956;  Palay,  1956; 
Luft, 1957). Indeed, De Robertis (1957) has shown 
that after stimulation of the afferent nerve there 
is  a  conspicuous increase  in  number  of synaptic 
vesicles  concomitant with an increased production 
of  acetylcholine.  It seems  likely,  in  view  of  the 
foregoing,  that  similar  processes  are  involved  in 
the insect neuromuscular junction. One must note, 
however, that in addition  to the axonal synaptic 
vesicles  (common to all vertebrate synapses), the 
insect  muscle  shows  "aposynaptic  granules" 
characteristically aggregated at the region of most 
intimate plasma membrane apposition.  It is quite 
evident  from their  unique  distribution  that  they 
are  also  involved  in  the  chemical  processes  in 
neuromuscular transmission. 
The  endoplasmic  reticulum,  by  virtue  of  its 
phase-separating  membranes  and  its  oriented 
distribution within the cell, is the only morphologic 
system that could serve for intracellular  conduc- 
tion  of  excitation  (Porter  and  Palade,  1957; 
Ruska, Edwards, and Caesar, 1958; Ruska, 1957). 
Further  morphologic  evidence  is  seen  in  neuro- 
muscular  junctions  in  the wasp.  In non-synaptic 
regions  the  endoplasmic  reticulum  comprises  a 
regular  system  of  tubules  and  vesicles  linking 
plasma  membrane  with  contractile  material  and 
nucleus.  In the sarcoplasm  surrounding  the  syn- 
apsing  axon,  however,  the  tubules  of  the  endo- 
plasmic reticulum ramify profusely, thus providing 
a greater membranous surface than in comparable 
non-synaptic regions. It cannot be stated, without 
physiologic measurement, that this arrangement is 
the conduction pathway, but the specialization of 
the  semipermeable  membranes  of  the  reticular 
system in the synaptic region most certainly sug- 
gests this role. Further physiologic evidence of the 
type presented  by  Huxley  (1956),  showing  that 
local response to small stimuli occurs only at those 
muscle regions where the endoplasmic reticulum is 
in contact with the plasma membrane, is necessary 
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EX~t~AT:ON OF PLATES 
PLATE 47 
FIG. 1. Cross-section  of femoral muscle fiber and peripheral nerve branch in the wasp. A, axon, L, lenmoblast, 
Tr, tracheole,  Mi, mitochondrion, er, endoplasmic reticulum, Mr, myofibril. X  37,000. THE  JOURNAL OF 
BIOPHYSICAL AND  BIOCHEMICAL 
CYTOLOGY 
PLATE 47 
VOL,  4 
(Edwards eta/. : Peripheral nerves and neuromuscular junctions) PLATE 48 
F~G. 2.  Longitudinal section of  peripheral nerve.  The axon  (A)  contains neurofilaments, mitochondria,  and 
some membrane-bound profiles.  The relatively thick basement membrane (BML) of the lemnoblast is merged with 
the basement membrane of the tracheoblast surrounding the tracheoles (Tr). The cytoplasm (L) of the lemnoblast 
contains mitochondria, mesaxon membranes, and a  granular matrix. )< 44,000. 
FIG. 3. Tangential section of peripheral nerve. The axon (A) appears in two sections, and contains neurofila- 
ments and mitochondria. Accompanying tracheole (Tr) is surrounded by fused basement membranes. The nucleus 
(Nu) of the lemnoblast is long and to one side of the nerve. The cytoplasm of the lemnoblast contains numerous 
mitochondria, membranes of the mesaxon, and lacunae formed by divergence of the membranes. X  30,000. THE  JOURNAL OF 




(Edwards et al.: Peripheral nerves and neuromuscular junctions) PLATE 49 
FIG.  4.  Tangential section  of  large  peripheral  nerve.  The basement membrane (BML)  of  the  lemnob|ast varies  in 
thickness.  The plasma membrane (PML) invaginates  to  form the  mesaxon (MA),  which in turn meanders through 
the cytoplasm forming lacunae, and finally  winds loosely  around the axon (A).  The ~on  shows a small mito- 
¢hondrion, neurofi|aments,  and membrane-bound profiles.  X  40,000. THE  JOURNAL OF 




(Edwards et al.: Peripheral nerves and neuromuscular junctions) PLATE 50 
FIG.  5.  Cross-section of femoral muscle fiber and contacting nerve. At early contact, the nerve appears as a 
"cap" on the muscle fiber (perhaps equivalent to the Doy~re's cone of the light microscopists). Later, as seen in 
subsequent micrographs, the entire nerve occupies a groove in the muscle fiber surface. Tracheoles (Tr) are always 
abundant  in  the contact regions. The basement membranes of the lemnoblast and of the muscle fiber (BMM) 
merge. Cytoplasm (L), and even the nucleus (Nu) of the lemnoblast may accompany the axon (A), which makes 
a longitudinal synapse with the muscle fiber. The synapse (arrows) between axon and muscle fiber is characterized 
by apposition of plasma membranes (inset, upper left), aposynaptie granules (G), and axonal synaptic vesicles. 
X  40,000  (inset, 103,000). THE  JOURNAL OF 
BIOPHYSICAL AND  BIOCHEMICAL 
CYTOLOGY 
PLATE 50 
VOL.  4 
(Edwards et al.: Peripheral nerves and neuromuscular junctions) PLATE 51 
Fic. 6.  Cross-section of nerve in contact with a  femoral muscle fiber. Tracheoles (Tr) supply both nerve and 
muscle. The basement membranes of lemnoblast and muscle fiber are merged. The visible portion of the lemno- 
blast is largely occupied  by the nucleus (Nu). The cytoplasm contains a  mitochondrion and membrane-bound 
profiles. The axon (A) contains mitochondria and synaptic vesicles. It synapses with the muscle fiber in two areas 
(arrows). Note the numerous mitochondria and tubules and vesicles of the endoplasmic reticulum in the sarco- 
plasm of the contact region. 
The final synapse (inset, lower left) is characterized by axonal vesicles (V), plasma membrane apposition (ar- 
rows), and aposynaptic granules (G).  X  80,000 (inset, X  175,000). THE  JOURNAL OF 
BIOPHYSICAL AND  BIOCHEMICAL 
CYTOLOGY 
PLATE  51 
VOL.  4 
(Edwards et al.: Peripheral nerves and neuromuscular junctions) PLAT~ 52 
FIG. 7. Cross-section of a neuromuscular junction, showing the lid formed by the lemnoblast (L). The axon (A) 
contains mitochondria and synaptic vesicles, and sits in the muscle fiber groove. Aggregates of aposynaptic gran- 
ules (G) occur in the sarcoplasm at synaptic regions (arrows).)<  98,000. THE  JOURNAL  OF 
BIOPHYSICAL  AND  BIOCHEMICAL 
CYTOLOGY 
PLATE  52 
VOL.  4 
(Edwards et al. : Peripheral nerves and neuromuscular junctions) PLATE 53 
Fro. 8.  Cross-section of a neuromuscular junction, showing the tracheolated (Tr) lid of the lemnoblast (L), and 
an axon (A) in the groove of the muscle fiber surface. Characteristically, the cytoplasm of the lemnoblast surrounds 
the outer two-thirds of the axon. The plasma membrane of the inner one-third of the axon directly apposes (arrows) 
the plasma membrane of the muscle fiber. The receptive area (left side of micrograph) of the muscle fiber shows a 
profusion of mitochondria and membranes of the endoplasmic reticulum quite different from  the more orderly 
arranged components (right half of micrograph) of the non-synaptic region. X  40,000. 
FIG. 8 inset. Detail of Fig. 9,  enlarged to show the synapse between axon (A) and femoral muscle fiber (M). 
The synaptic vesicles of the axon and the aposynaptic granules of the muscle fiber are more closely packed near 
the apposing plasma membranes. As seen also in Figs. 5, 6, and 7, the apposing synaptic plasma membranes are 
denser and thicker than normally. Vesicles have not been observed joining the axonal membrane, as in pinocytosis, 
nor do they pass intact across the membranes. The plasma membranes, however, may show small, dense irregular 
thickenings and perhaps discontinuities (particularly in Figs. 6 and 9). Between the apposing plasma membranes 
there sometimes occurs a granular substance of varying density that appears quite different from the homogeneous 
basement membrane material.  These  facts,  plus  the heavy accumulation  (at  arrow)  of  vesicles and granules, 
strongly suggest active participation of the plasma membrane in transmission of the impulse at the neuromuscular 
junction. X  206,000. THE  JOURNAL  OF 
BIOPHYSICAL AND  BIOCHEMICAL 
CYTOLOGY 
PLATE  53 
VOL.  4 
(Edwards et al.: Peripheral nerves and neuromuscular junctions) PLATE 54 
FIC. 9.  Cross-section of a neuromuscular junction, showing the large number of synaptic vesicles characteristic 
of the synapsing axon (A). On the muscle side of the synaptic regions (arrows)  are found aposynaptic granules, 
and augmented endoplasmic reticulum (er), as well as numerous mitochondria (Mi). X  80,000. THE  JOURNAL OF 
BIOPHYSICAL AND  BIOCHEMICAL 
CYTOLOGY 
PLATE 54 
VOL.  4 
(Edwards et al.: Peripheral nerves and neuromuscular junctions) PZAT~ 55 
FIG.  10.  Cross-section of a  femoral muscle fiber,  showing the relations of an "intraceliular" tracheole (Tr), 
tubules of the endoplasmic reticulurn (er), rnitochondrion (Mi), and band-shaoed myofibrils (f). X  63,000. 
FIG.  11.  Tangential section through a  femoral muscle fiber, including A  and I  regions of the sarcornere. The 
mitochondria aggregate mainly at the I  level.  Peripheral tracheoles (Tr)  are  separated  from  the e×tracellular 
environment by the basement membrane of the tracheoblast, and from the cytoplasm of the muscle fiber by the 
merged basement membranes of the tracheoblast and muscle cell.  X  42,000. 
FIG.  12.  Longitudinal section of a  femoral muscle fiber. The mitochondria (Mi)  are disposed mainly in pairs 
in the cytoplasm at the Z line level. The endoplasrnic reticulurn (er) forms a mantle of tubules and vesicles around 
each myofibril. )< 42,000. THE  JOURNAL  OF 
BIOPHYSICAL AND  BIOCHEMICAL 
CYTOLOGY 
PLATE  55 
VOL.  4 
(Edwards et al.: Peripheral nerves and neuromuscular junctions) 